Abstract: Liquid chromatography-tandem mass spectrometry was employed to monitor for gluten exorphins (GEs) in blood from samples collected from Celiac Disease subjects after the consumption of a physiological meal. GE-B4 and B5 were detected in three of the four subjects, the first time GEs have been detected in human blood.
INTRODUCTION
Literature reports suggest that the digestion of food proteins may produce peptides having opiate effects; these peptides are called "exorphins" because of their exogenous (alimentary) origin and opioid-like activity [1] . Gluten exorphins (GEs) are a family of five opioid-peptides designated GE-A4, Gly-Tyr-Tyr-Pro; GE-A5, Gly-Tyr-Tyr-Pro-Thr; GE-B4, Tyr-Gly-Gly-Trp; GE-B5, Tyr-Gly-Gly-Trp-Leu; and GE-C, Tyr-Pro-Ile-Ser-Leu, that were originally identified, in vitro, from the enzymatic digestion of high molecular wheat gluten [2] [3] [4] . It is proposed that GEs enter the blood stream by passing through intestinal lining that is compromised by acquired or genetic conditions, reach the central nervous system where they modulate neurotransmission and affect behavior ("opioid excess theory", OET), possibly playing a pathogenetic role in some mental disturbances [5] .
A key aspect of the OET is the ability of GEs, once produced in the gastrointestinal tract, to cross the intestinal barrier and enter the blood stream. To date, however, the detection of GEs in human blood has not been reported. Here an ultrafiltration method followed by electrospray ionization (ESI) liquid chromatography-tandem mass spectrometry (LC-MS/MS) is used to determine if GEs can be detected in blood samples from subjects with compromised intestinal lining. Subjects with gluten-induced enteropathy (Celiac Disease, CD) were chosen as model subjects, because CD is well-known to result in increased intestinal permeability to macromolecules [6] [7] [8] , and is frequently associated with mental disorders [9] [10] [11] .
CD is a disorder characterized by an immunologically mediated enteropathy induced in genetically susceptible individuals by gluten ingestion [12] . Although most of the complications of CD (chronic diarrhea, anemia, osteoporosis, failure to thrive, etc.) are due to the reduction of intestinal absorption of nutrients from food, CD is associated with conditions such as mental disorders [9] [10] [11] that are unlikely to be due to malabsorption of nutrients. Interestingly, the *Address correspondence to this author at the Department of Chemistry, University at Buffalo, State University of New York, Buffalo, NY, USA; Email: twood@buffalo.edu gluten-induced enteropathy not only reduces the body's ability to adsorb nutrients, but also increases the intestinal permeability to macromolecules [6] [7] [8] .
It has been hypothesized that increased intestinal permeability might facilitate the absorption of dietary opioid peptides able to affect behavior [13] . In animal models, GE-B5 has been shown to stimulate the glucose-induced insulin release after intragastric administration [14] . It was previously demonstrated that GE-B5 can play a regulatory role on pituitary secretion, since it markedly stimulates Prolactin secretion in rats [15, 16] , probably via a reduction in neurotransmitter release at the hypothalamic level.
No effects of GE-B4 determinations are reported in the literature. GE-B4, in particular, was unable to stimulate Prolactin secretion in animal models, in contrast to GE-B5 [17] .
In this study, experimental subjects were given a "pizza meal" (a meal widely used as a standard meal in experiments in humans [18] [19] [20] , to simulate "one of the most common postprandial physiologic conditions in modern society") [20] , in the hypothesis that the likelihood of finding GEs in blood was higher after gluten ingestion. Compared to high abundance plasma proteins [21] , GEs, with molecular weights ranging from 481 Da for GE-B4 to 594 Da for GE-B5, are relatively small. Given the complexity of plasma samples, and the anticipated low abundance of GEs in plasma, the use of sample preparation methodology that allowed for the isolation and enrichment of low molecular weight plasma peptides was essential. In addition, because opioid peptides can be degraded by plasmatic proteases [22] [23] [24] , the use of a protease inhibitor is imperative to ensure that peptide degradation does not continue after blood samples are obtained [25] . Enrichment and detection of GEs was accomplished by adapting existing ultrafiltration sample preparation methods [26, 27] , and then subjecting the low molecular weight plasma fraction to LC-MS/MS analysis. The protease inhibitor used to prevent degradation of the target peptides was aprotinin, which has been shown to prevent GE-A5 degradation in biological fluids [28] . Thus, the use of this sample preparation approach may facilitate the observation of the two GE peptides, GE-B4 and B5, in plasma samples obtained from patients with CD.
METHODS

Materials
Aprotinin was purchased from Boehringer-Mannheim (Mannheim, Germany). Standard GE peptides GE-A4, GE-A5, GE-B4, and GE-B5 were synthesized in house as described elsewhere [14] (GE-C was not available). The 4 mL glass centrifuge tubes used for sample collection, containing 0.048 mL of a 15% potassium ethylenediaminetetraacetic acid solution as an anticoagulant, were from BD Vacutainer (Plymouth, UK). Sodium azide (NaN 3 ) was from Sigma (Milan, Italy). Centricon centrifugal filters containing a YMmembrane with a 3000 Da nominal molecular weight cutoff (NMWCO) were purchased from Millipore (Billerica, MA). Acetonitrile (ACN) and water were from J.T. Baker (Philipsburg, NJ). High purity formic acid was from Sigma Aldrich (St. Louis, MO) and ammonium bicarbonate was from Fisher Scientific (Pittsburgh, PA).
Subjects and Sample Collection
All subjects (or their parents if under the age of 18) gave informed consent to enter the study, which was approved by the Ethical Committee of the University of Sassari and the Institutional Review Board of the University at Buffalo. The subjects consisted of three females (subject I, age 40; subject II, age 33; subject III, age 33) and one male (subject IV, age 15) all of whom were from Sardinia, Italy. At the time of the blood collection all subjects were suspected of being affected by CD based on serological tests [29] , but were not yet participating in a gluten free diet. Diagnosis of CD was confirmed in all patients by duodenal biopsy that was performed within one week of the sample collection.
On the day of sample collection, all subjects consumed a "pizza meal" that consisted of a cheese pizza (250 -270 grams) made with wheat based dough, tomato sauce, and oil. Blood samples (2 mL/time point) were collected, through an intravenous catheter inserted into the forearm, at h 01.00 PM (time point 0, immediately before the "pizza meal" started), and then after at 15, 30, 45, 60, 75, 90, and 120 min. All subjects finished consumption of their pizza between the collection of the 30 and 45 min time point samples. Subjects participating in the study were not given specific instructions to fast prior to participating in the study. During the sample collection all subjects were permitted to drink water, sit in a chair, or walk around.
Blood samples were collected into the glass centrifuge tubes. Immediately upon collection, samples were stored on ice in a cooler until centrifugation at 5,000g for 10 min. Following centrifugation, 500 μL of each plasma sample was transferred into a separate polypropylene tube and treated with a 10% solution of NaN 3 as an antibacterial preservative, at ratio of 10 μL 10% NaN 3 /mL plasma. Plasma samples were also treated with a protease inhibitor (aprotinin) at a ratio of 2.5 μg aprotinin (10 μL)/mL of plasma. While protocols from the Human Proteome Organization (HUPO) often call for using a protease inhibitor cocktail, individual protease inhibitors such as aprotinin have shown virtually equivalent inhibitory action [25] . Following centrifugation and treatment the plasma samples were stored in a freezer at -80 °C until shipment on dry ice via courier service to the University at Buffalo (Buffalo, NY).
LC-MS/MS Analysis
Upon arrival at The University at Buffalo, plasma samples were stored at -80 °C . For each patient, time points at 0, 15, 30, 45, 60, 75, 90, and 120 min were analyzed. On the day of analysis, plasma samples were removed from the cryofreezer and thawed at room temperature. For each time point, the entire plasma sample was diluted with 3 mL of 20 mM ammonium bicarbonate (pH = 8) and 1 mL of ACN. The final volume of all samples was adjusted to 5 mL with 20 mM ammonium bicarbonate as needed. Samples were shaken by hand, vortexed, and allowed to stand a room temperature for 20 min. After 20 min samples were shaken by hand, vortexed a second time, and divided equally among four 1.5 mL microcentrifuge tubes and centrifuged at 20,000 g and 4 °C for 90 min, using a Sorvall Legend RT centrifuge (Thermo Fisher Scientific, Asheville, NC). This procedure was performed in order to remove any particulates that might otherwise clog the 3000 Da NMWCO filter's membrane.
Prior to use, the 3000 NMWCO filters were rinsed according to the manufacturer's instructions with 2 mL of 20 mM ammonium bicarbonate. Following filter pre-rinsing, the supernatant from the four microcentrifuge tubes was split evenly among two 3000 NMWCO filter units. Ultrafiltration was carried out similar to previous methods [26, 27] but by centrifuging the 3000 NMWCO filter units at 3000 g overnight (~12-15 hrs) at 4 °C , until at least 80% of the liquid passed through the membrane. The extended centrifugation time was due to the use of a swing bucket rotor instead of a recommended fixed angle rotor. Following centrifugation, the low molecular weight fractions for each sample were pooled, frozen on dry ice, and lyophilized using a Labconco Free Zone 2.3 freeze dryer (Kansas City, MO). After freeze drying, samples were returned to the cryofreezer until shipment to the Thermo Fisher Scientific Training Institute (West Palm Beach, FL) for LC-MS/MS analysis.
LC-MS/MS analysis was conducted using a Surveyor HPLC equipped with a Micro AS auto sampler interfaced, through an Ion Max ESI source, to a LTQ-Orbitrap™ hybrid mass spectrometer (Thermo Electron, Bremen, Germany) [30] [31] [32] . Separations were carried out on a Thermo Fisher GOLD (100 x 2.1 mm ID) C 18 column with 1.9 μm packing material, and operated at a 200 μL/ min flow rate with mobile phases A: H 2 O + 0.1% formic acid and B: ACN + 0.1% formic acid. The LC gradient ran from 2% B at 0 min to 60% B at 37 min, where it was held for 2 min, until being increased to 98% B over the next 5 min. Following the run, the column was equilibrated at initial conditions for 15 min prior to the next injection. The injection volume was 6 μL and all samples were redissolved in 100 μL of mobile phase A. Prior to analysis the column was equilibrated at initial conditions for 15 min prior to the next injection. The injection volume was 6 μL and all samples were redissolved in 100 μL of mobile phase A prior to analysis.
MS analysis on the LTQ-Orbitrap used the LTQ™ linear ion trap to specifically acquire MS/MS spectra of target GEs peptides A4, A5, B4, B5, and C, while the Orbitrap FTMS was used to acquire a high resolution (R = 30,000) full MS scan of all ions from m/z 400 to m/z 2000 (R = 7,500 @ m/z 400 is the lowest resolution possible). Theoretical masses for all GE peptides were calculated using Xcalibur's QualBrowser program (ThermoFisher). A 2 μM GE test mixture comprised of GE-A4, A5, B4, and B5 was analyzed to establish retention times for the GEs and provided MS/MS reference mass spectra. Since GE-C was not available as a standard to provide an expected retention time, targeted MS/MS of its (M+H) + peak at m/z 592 was performed concurrent with the other GE.
RESULTS AND DISCUSSION
A total ion chromatogram indicating the order of elution for the four GE standard peptides is displayed in (Fig. 1) . MS/MS spectra for each of the GE standards is provided in (Fig. 2) . Identification of GEs in the plasma samples was based on a retention time match with the standard mixture, observation of characteristic diagnostic ions in the MS/MS spectra, and, when available, a high resolution spectrum obtained for the (M+H) + ion in the Orbitrap full MS scan. Util- Tables 1 (GE-B4 ) and 2 (GE-B5).
A representative extracted ion chromatogram from sample II-15 (Fig. 3) shows a peak eluting at 16.01 min, which matches the retention time of the GE-B4 standard. The chromatogram in (Fig. 3) is based on an ion transition (m/z 482 m/z 262) that is indicative of GE-B4. The identifica- tion of GE-B4 is enhanced by the observation of several fragment ions characteristic of GE-B4, in the MS/MS spectrum of m/z 482 (Fig. 4) . GE-B4's identification in sample II-15 was further supported by the observation of a peak at m/z 482.2032 from the high resolution full MS Orbitrap scan. This peak matches the chemical formula for the GE-B4 (M+H) + ion (C 24 H 28 O 6 N 5 ) within 0.5 ppm of the theoretical mass. GE-B4 was also identified in the zero and 30 min time points from subject II as well as the 90 min time point from subjects I and III.
In all cases, the retention time differences between GE-B4 observed in the plasma samples and the GE-B4 standard are within 10 s. A total of seven characteristic MS/MS fragment ions were used to identify GE-B4. The characteristic fragment ions for GE-B4 were the y3 (m/z 319), b3 (m/z 278), y2 (m/z 262), y2 loss of H2O (m/z 244), y1 (m/z 205), and y1 loss of NH3 ion.
The characteristic GE-B5 ion transition m/z 595 m/z 464 was used to plot an extracted ion chromatogram from sample I-60 (Fig. 5) . The chromatogram in (Fig. 4) shows a peak at 20.34 min that matches the retention time of the GE-B5 standard. The identity of GE-B5 was confirmed by the presence of characteristic fragment ions in the MS/MS spectra of m/z 595 (Fig. 6) . A total of six characteristic MS/MS fragment ions were used to identify GE-B5. The characteristic fragment ions for GE-B5 were the b4 (m/z 464), a4 (m/z 436), y3 (m/z 375), y2 (m/z 318) and the y4-b4 (m/z 301) and y3-b4 (m/z 244) internal fragment ions.
However, the additional C-terminal leucine residue of GE-B5 causes unique y and internal fragment ions at m/z 375 (y3), 318 (y2), 301 (y4-b4), and 244 (y3-b4) to be observed. This, along with the matching retention time, allows the unambiguous identification of GE-B5 in samples I-60, I-75, I-90, I-120, II-0, II-15, and II-30. The identification of GE-B5 in sample I-60 was further bolstered by a small, but discernable, peak at m/z 595.2877 obtained in the high resolution full MS Orbitrap scan. This peak matches the chemical formula for the GE-B5 (M+H) + ion (C 30 H 39 O 7 N 6 ) within 0.4 ppm of the theoretical mass. Due to the observation of GE-B4 and B5 in the zero time point of subject II, a thorough re-inspection of all blank samples was conducted to check for the possibility of instrument carry over, which would provide a false positive result. Analysis of blank samples, including the blank sample injected immediately prior to II-0, revealed that GE-B4 and B5 were not present in those samples. This ruled out carry over as a possible cause. GE-B4 or GE-B5 were not detected at any time in subject IV. It is interesting to note that subjects I and II had the highest level of intestinal damage (grade 3 of the mucosal damage classified according to the Marsh criteria [33] ). Subject III (Marsh grade 2) had only a single point of GE detection and subject (Marsh grade 1) none, suggesting that higher levels of intestinal damage are associated with detection of GEs in blood plasma. Furthermore, GE-A4, GE-A5 and GE-C were not detected in the plasma of any of the subjects at any time. By comparing LC-MS/MS peak areas of the samples with GE standards, in the samples in which it is detected, GE-B4 ranged from 2.2-8.5 nM, while GE-B5 ranged from 2.3-7.9 nM. Thus, in persons with increased intestinal permeability, low nM levels of GE-B4 and GE-B5 can be detected in plasma.
After the "pizza meal," GE-B4 and/or GE-B5 were observed in three out of four subjects. With the exception of sample 90 in subject III, the observation of GE-B4 in a specific sample coincides with the observation of GE-B5. Whether GE-B4 is absorbed as a full intact peptide, or Fig. (4) . MS/MS spectrum of m/z 482 from the chromatographic peak at 16.01 minutes from sample II-15. results from degradation of GE-B5, could not be determined from this study.
The observation of GE-B4 and GE-B5 at time 0 (subject II) is not due to the consumption of the "pizza meal," nor can it be attributed to sample carry over from the instrumentation. Consequently, the detection of these GEs must result from the ingestion of another dietary source of gluten prior to the "pizza meal." It is unclear, however, how much of the GE-B4 and GE-B5 detected in samples II-15 and II-30 is due to the "pizza meal" or due to a source of dietary gluten ingested prior to the experiment.
CONCLUSIONS
The scope of this study is obviously preliminary and limited to the detection of GE peptides in blood samples obtained from subjects with compromised intestinal lining. This study does not have any quantitative aspects and can not comment on the kinetics of GE production or degradation nor can say if the production and accumulation of GEs in the blood stream occurs under other conditions where the subject's intestinal lining is not compromised. Furthermore, this study cannot comment on any role that GE peptides play, once adsorbed into the blood stream, in the pathology of mental disorders. Only specifically designed studies could clarify if GEs are actually linked to the genesis of mental disorders associated with CD. Lastly, while the data from the four subjects in this study is compelling, a follow up study using a larger sample pool, representative of all degrees of intestinal damage, is necessary before broader conclusions can be made about GE absorption into the blood stream.
